Calcium ion itself will not produce a release of insulin, but it is necessary for normal insulin secretion in response to glucose or tolbutamide.
glucose; tolbutamide P REVIOUS PAPERS from this laboratory as well as others (1, 6, 11) have demonstrated that the isolated perfused pancreas will release insulin in response to an adequate glucose stimulus. In a more recent paper we have shown that calcium ion is essential for the normal secretion of insulin to occur, but that magnesium ion is not (7).
Milner and Hales (9) have confirmed these findings using the fetal rabbit pancreas in an in vitro system, and they have also shown that insulin secretion in response to stimulation by glucagon or tolbutamide is calcium In addition, we shall present evidence demonstrating that the failure of the pancreas to secrete insulin due to the absence of calcium from a glucose-containing perfusate is reversible upon the addition of calcium to this solution.
MATERIALS AND METHODS
In these experiments, as in those previously reported from this laboratorv (6, 7), all animals used were male rats of the Long-Elans strain which weighed between 300 and 400 g. Following a 24-hr fast the animals were anesthetized with sodiurn pentobarbital and the segment of the gastrointestinal tract receiving its arterial blood supply through the celiac axis, i.e., the pancreas with the adjacent proximal part of the duodenum, the spleen, and the stomach, was removed. The portal vein and the branches of the portal vein draining these organs were carefully preserved, These two major vessels, the celiac axis and the portal vein, were then connected to the arterial cannula and the venous cannula, respectively, of the perfusion system.
In test tubes at either 15-, 30-, or 60-set intervals. This collection period ranged from 10 to I5 min in total. Samples were collected between 0 and I min, and between 1 and 2 min as controls. At the end of 2 min the stimulating substance (either glucose or tolbutamide) was infused into the tubing leading to the cannula in the celiac axis for either, 2 to 8 min, and the venous outflow was collected as described above. This method permits study of the sequential response of the pancreas to a continuing stimulation and determination of the response time of the pancreas to such a stimulus. In addition, the total insulin secreted can be readily calculated from the volumes of the several venous effluents and their insulin concentrations.
In addition to the above, two types of experiments were performed in an effort to determine whether the failure of the pancreas to secrete insulin in the presence of negligible calcium ion concentration would be reversed upon addition of calcium. In the first, glucose was added after 10 min of recycling of perfusate containing no added calcium, and then calcium chloride was added to the perfusing mixture 10 or 30 min later. In these experiments the whole perfusing mixture (including the added glucose) was recycled, and the insulin concentration of the total perfusate was determined at 10, 30, and 60 min after addition of glucose. In the second type of experiment glucose was added to the reservoir after 5 min of initial recycling of the perfusate (to which no calcium salts had been added) and subsequently calcium was injected into the arterial inflow as a "pulse" having a duration of only 2 min. Two minutes prior to the calcium pulse, recycling was stopped and all the venous effluent was collected in a series of test tubes as previously described. Insulin concentration of the venous effluent was determined by the immunochemical method of Grodsky and Forsham (8) using pure rat insulin as the standard. This assay is independent of calcium ion concentration. Figure 1 shows typical concentrations of glucose and insulin in the venous effluent following a standard 2-min infusion of glucose into the arterial supply of the preparation, The calcium ion concentration of the perfusate in this prepara tion was approx mately 3 mEq/li ter, as compared to a normal plasma calcium concentrati on of 5 mEq/liter. However, since in the case of plasma only 3.3-3.5 mEq/Iiter is diffusible calcium, one cannot make a direct comparison between the calcium concentrations of the two media. The time lag between beginning of glucose infusion and rise of glucose concentration in the venous effluent is due to the transit time through the tubing and vasculature of the preparation. The rapid onset of secretion of insulin following glucose administration and its rapid decline with falling glucose concentrations is clearly evident. The peak insulin secretion rate was approximately 240 mpg/30 set and the total insulin released following the 2min glucose infusion was approximately 700 mpg. Flow remained constant throughout at 12 ml/min. Figure 2 shows the data demonstrating the relation of perfusate calcium ion concen tration and the total amount of insulin released after a standard 2 -min infusion of glucose. These data clearly show that with calcium ion occurred even though it had not previously occurred in the same preparation when exposed to the same glucose concentration.
The results of adding calcium after 40 min of perfusion are somewhat more equivocal in that two of -the four preparations clearly secreted insulin whereas the other two did not. It thus appears that the inhibition of insulin secretion by calcium lack is reversi- Figure 3 shows data from the experiments in which the pancreas was perfused with a buffer-albumin mixture to which no calcium salts had been added; glucose was added to the reservoir at 10 min after zero time. At 20 or 40 min after zero time, calcium was added to the perfusing mixture in amounts which resulted in a concentration of approximately 4 mEq/liter. The data clearly show that little or no insulin secretion occurred following the initial addition of glucose under these conditions.
However, upon addition of calcium to the perfusate after 20 min of perfusion, insulin secretion ble in its earl irreversible.
y stages but that it ultimately may become Experiments to investigate' the dynamics of the response during the addition of calcium were performed by the pulsing of calcium into a preparation which was being perfused with the glucose. The average of alcium medium low c three such experimen containing ts is shown in Fig. 4 . These experiments show that upon calcium addition the pancreas promptly released insulin. The most striking finding is the rapidity with which the insulin release occurred following the calcium pulse, the peak response being 30 set earlier than the peak response to any glucose pulse. The other striking finding is that the secretion rate (flow was unchanged, therefore insulin concentration reflects secretion rate) was not maintained throughout the Z-min pulse of calcium although calcium ion concentration was still maximal. This time course of response should be compared to that shown in Fig. 1 , following a Z-min pulse of glucose.
Cd'added aI 20 min CPadded at 40min Figure 5 shows the data which relate the perfusate calcium ion concentration to the total insulin released following a standard tolbutamide stimulation for 2 min. In the case of the comparable experiments with glucose, the actual glucose concentrations were determined chemically and the typical time course of glucose as it appeared in the venous effluent is shown in Fig. 1 data in Fig. 5 show that the total insulin released following a standard tolbutamide administration is likewise dependent on the concentration of calcium ion in the perfusate, Strikingly, and in contrast to the observations when glucose was administered (Fig. Z) , the total insulin release produced by tolbutamide is dependent on the calcium ion concentration throughout the whole range of calcium ion concentrations used. In the case of glucose there MFas a plateau Cth calcium ion concentration above 4 mEq/liter, but no evidence of any plateau was seen in the case of tolbutamide. Figure 6 shoiys the time course of insulin release during insulin regardless of the calcium ion concentration in the perfusing mixture. Second, the total amount of insulin released decreased with decreasing calcium ion concen-177 tration just as that shown by the Z-ruin stimulations experiments, the data of which are presented in Fig. 5 . Third, at all calcium ion concentrations the rate of insulin release declined during the period of maintained tolbutamide stimulation. Perhaps the most interesting feature here is that in the case of the tivo higher calcium concentrations the decline is not nearly so marked as it is at the loiter calcium ion concentrations.
DISCUSSION
These experiments reconfirm (7) The diversity of stimuli is equally striking: leucociden, acetylcholine, noradrenaline, ACTH, glucose, tolbutamide. Since secretion must involve a membrane process, the relation of calcium ion to the functional and structural integrity of the membrane might be thought of as being the common denominator. However, since, in the case of the pancreas responding to a brief glucose stimulus, the total amount of insulin released is dependent on the concentration of calcium ion, one might suppose that calcium ion is bound stoichiometrically in some essential step of the secretory process and that it plays a role other than, or in addition to, simply maintaining the integrity of the cell membrane. Its intimate relation to the mechanism of secretion remains to be determined regardless of whether it is concerned with the integrity of the cell membrane or whether it is intimately involved in some other step in the secretory process.
Our experiments reported in this paper have shown that the total amount of insulin released following a standard stimulus is dependent on the calcium ion concentration of the perfusing medium regardless of whether glucose or tolbutamide are used as a stimulating agent. When one compares the data obtained with these two agents, there are two striking differences.
The first of these is that the slope of the regression curve for the tolbutamide data is much less than the slope of the regression curve for the initial phase of the glucose data, i.e., at calcium concentrations below 4 mEq/liter. Whether these are real differences between mechanism of actions of these two agents, or whether these differences merely reflect their use at concentrations which result in differing degrees of stimulation with respect to the maximum response of which the pancreas is capable, is not clear. The second finding is that there is a single regression curve with tolbutamide whereas for glucose stimulation of insulin release there is a plateau at calcium concentrations above 4 mEq/liter, beyond which insulin release does not increase as a function of increasing calcium ion concentrations.
This difference could be due to either a different mechanism of action of glucose and tolbutamide on the secretory process or could be due to the fact that these two substances stimulate release from different pools of stored material.
It may also be that the pleateau seen with glucose stimulation merely reflects the fact that the secretion of insulin has attained its maximum, whereas this maximum has not been achieved in the case of tolbutamide stimulation.
